We use electron spin resonance in the far infrared to probe the Landau-level spin splitting in symmetric and asymmetric InSb quantum wells. The asymmetric wells exhibit a strong deviation in behavior from the symmetric wells at low magnetic fields with apparent g factors far in excess of the bulk g factor of InSb. These asymmetry-induced shifts in the spin resonance depend on Landau-level The study of electron spin phenomena in semiconductor heterostructures has intensified dramatically in recent years. The field, "spintronics" has emerged with the purpose of developing devices combining the charge and spin degrees of freedom. In particular, spin splitting caused by bulk inversion asymmetry and structural inversion asymmetry (SIAoften called Rashba splitting) has attracted much attention. Understanding the spin-orbit interaction caused by SIA, which is predicted to lead to spin splitting even without an applied magnetic field, 1,2 is important for developing spinbased devices. To date, experimental evidence for Rashba splitting in two-dimensional electron systems (2DESs) has been chiefly confined to the observed beating of Shubnikov-de Haas (SdH) oscillations 3,4 that is presumed to arise from different populations of electron spin orientations. This beating has been interpreted in a number of heterostructures [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] to deduce the Rashba parameter ␣, which is expected to depend on materials parameters and the electric field. The zero-field spin splitting has also been inferred from Raman-scattering spectra 17 in GaAs and weak anti-localization measurements in InGaAs quantum wells 18 . In this paper, we report on electron spin resonance (ESR) experiments on 2DESs in InSb quantum wells. By observing transitions between states with the same Landau level index but opposite spin orientations, we directly measure the spin splitting as a function of applied magnetic field B. In addition to the B = 0 spin splitting, the Rashba model 1 predicts considerable modification of the Landau-level energy structure at nonzero B for asymmetric heterostructures, which has not been previously confirmed. Because of the large effective g factor and large predicted Rashba effect, 6 the spin splitting in InSb-based 2DESs should occur at far infrared frequencies for B Ͻ 10 T. Our experiments demonstrate that the Rashba effect is relatively strong in InSb quantum wells and that ESR is a powerful technique for studying the Rashba effect.
The study of electron spin phenomena in semiconductor heterostructures has intensified dramatically in recent years. The field, "spintronics" has emerged with the purpose of developing devices combining the charge and spin degrees of freedom. In particular, spin splitting caused by bulk inversion asymmetry and structural inversion asymmetry (SIAoften called Rashba splitting) has attracted much attention. Understanding the spin-orbit interaction caused by SIA, which is predicted to lead to spin splitting even without an applied magnetic field, 1,2 is important for developing spinbased devices. To date, experimental evidence for Rashba splitting in two-dimensional electron systems (2DESs) has been chiefly confined to the observed beating of Shubnikov-de Haas (SdH) oscillations 3, 4 that is presumed to arise from different populations of electron spin orientations. This beating has been interpreted in a number of heterostructures [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] to deduce the Rashba parameter ␣, which is expected to depend on materials parameters and the electric field. The zero-field spin splitting has also been inferred from Raman-scattering spectra 17 in GaAs and weak anti-localization measurements in InGaAs quantum wells 18 . In this paper, we report on electron spin resonance (ESR) experiments on 2DESs in InSb quantum wells. By observing transitions between states with the same Landau level index but opposite spin orientations, we directly measure the spin splitting as a function of applied magnetic field B. In addition to the B = 0 spin splitting, the Rashba model 1 predicts considerable modification of the Landau-level energy structure at nonzero B for asymmetric heterostructures, which has not been previously confirmed. Because of the large effective g factor and large predicted Rashba effect, 6 the spin splitting in InSb-based 2DESs should occur at far infrared frequencies for B Ͻ 10 T. Our experiments demonstrate that the Rashba effect is relatively strong in InSb quantum wells and that ESR is a powerful technique for studying the Rashba effect.
Our samples are InSb single quantum wells of widths 30 and 20 nm with Al 0.09 In 0.91 Sb barrier layers that are ␦ doped with Si. The Si ␦ layers are located either singly on one side of the quantum well (asymmetric samples) or equidistant on both sides of the quantum well (symmetric samples). The ␦-doped layers within the barrier layers are typically located 70 nm from the well center. The barrier layers on the substrate and surface sides of the wells are 3 m and 160 nm thick, respectively. Silicon dopants are placed near the surface to limit surface depletion. Thus, we expect the shape and symmetry of the wells to be determined only by the well/barrier mismatch (symmetric in all samples) and the mismatch in doping layers. In this work, seven symmetric and four asymmetric samples were studied. The electron concentrations in the wells (n s ) are in the range ͑0.95-3.6͒ ϫ 10 11 cm −2 , where only the ground-state subband is occupied. The mobilities of the samples studied range from 70 000 cm 2 / Vs to 150 000 cm 2 / Vs. The energygap discontinuity 19 as well as the band offsets 20 are well characterized in this strained-layer system.
It has been shown theoretically that a lack of inversion symmetry and a small energy gap can make electric-dipole spin resonance possible. 21, 22 In narrow gap semiconductors with large spin-orbit coupling, the strong interaction between the conduction and valence bands leads to mixing of the electronic energy states. The wave functions (with a nominal spin polarity and a Landau quantum number n) contain both spin orientations as well as Landau indices of n and n ±1. 21, 22 This situation allows for the occurrence of electric-dipole transitions between states of nominally different spin polarity. Electric-dipole-excited electron spin resonance was observed in Hg 1−x Cd x Te (Ref. 23) and later in bulk InSb by McCombe and Wagner in the far infrared (FIR) spectral range. 24 We detect ESR at 4.2 K either in magneto-transmission of FIR radiation or by observing the laser-induced change in magnetotransport. 25, 26 In previous experiments on InSb inversion layers, 27 a very small ESR signal was observed when the sample was normal with respect to the magnetic field axis, which also coincides with the direction of the incoming laser radiation. Their ESR signal was increased with tilt angle up to an order of magnitude at a 45°tilt angle. In our experiment, the ESR signal was only above the detection limit when the tilt angle was between 30°and 50°. We vary the tilt angle to extend the range of magnetic fields where the ESR is observable for a given electron density. In this case, the spins (and ESR) respond to the total B but the 2D Landau quantization (and thus the SdH oscillations and cyclotron resonance) depends only on the component of B along the sample normal. Figure 1 shows the observed spin and cyclotron resonance minima for Sample A (a 20 nm-wide asymmetric sample at a tilt angle of = 45°and with = 432 m incident radiation) and Sample B (a 30 nm-wide symmetric sample with = 45°and = 458 m). ⌬R xx is the difference between the resistance with and without incident FIR radiation. The positions of the other minima seen in this figure are independent of and are therefore nonresonant. Bolometric effects are responsible for at least some of these nonresonant features. 28 The data show that the ESR feature for Sample A is at a lower magnetic field than for Sample B. If only the Zeeman effect were important, we would expect the opposite to be true because the FIR frequency is higher and the well width is smaller for Sample A.
This discrepancy implies that there is an additional mechanism for spin splitting that is stronger in Sample A. The inset to Figure 1 compares the ESR signal observed in transmission with that observed in modulated magnetotransport for Sample C, a symmetric sample with = 45°and = 119 m. The resonance is very narrow in both cases, on the order of 40 mT, similar to ESR in GaAs. 25 By using samples with different electron densities, fixed wedges with different tilt (30°, 45°, and 50°), and seven laser lines ( = 458, 432, 418, 184, 163, 119, and 96.5 m) producing a sufficient signal-to-noise ratio, we are able to follow the ESR over a wide range of B and n. Table I summarizes the experimetal parameters of all the samples studied. The observed spin splitting ⌬s͑B͒ for the symmetric samples is plotted in Fig. 2(a) , for wells that are 20 nm wide, and Fig. 2(c) , for wells that are 30 nm wide. Also plotted in these figures is the ⌬s͑B͒ expected in the absence of Rashba splitting from a modified bulk band structure 29 that takes into account the extreme nonparabolicity of the InSb band structure. In this model, the bulk energy gap is replaced by the effective energy gap in the 2D band structure, i.e., by the energy spacing between the ground state valence-and conduction-band subbands. 30 This effective energy gap depends on well width as does the momentum matrix element, which we use as the lone fitting parameter (within its accepted range of values 31 ). All the other band parameters are fixed at their accepted values. The small Hartree potential results in a negligibly small effect of symmetry on the effective mass ͑m * ͒ and the g factor ͑g * ͒.
At B = 0 there is a reduction in the model InSb g factor from −51 to −48 due in nearly equal parts to the change in energy gap from both the strain present in the InSb quantum well and from the subband quantization. The band edge effective mass is 0.014 m 0 where m 0 is the free electron mass. Since we measured the electron density for each sample using SdH oscillations, we can deduce the highest occupied Landau level for each ESR data point. For the symmetric samples, n for each point is the same as for the solid line that intersects it. We conclude therefore that our symmetric samples behave entirely as expected for wells with no Rashba splitting and that the resulting g factors are the bare g factors based on one-electron energy levels. Similar results have been reported for GaAs quantum wells. 32, 33 The asymmetric samples show quite different behavior, especially at low magnetic fields, as can be seen in Fig. 2 . For the asymmetric samples, a dashed line connects each data point to the solid line that indicates the highest occupied Landau level. The spin splitting is observed to deviate from those values expected for a symmetric well to values even beyond those calculated using the band-edge g factor, −48. These deviations are more dramatic if we extract an apparent 2(a) and 2(c), then the apparent g factor diverges as B approaches zero.) Of course, our use of an apparent g factor only serves to emphasize the departure from the spin splitting for the symmetric samples.
For the asymmetric samples the spin splitting is determined by the applied field (the Zeeman term) plus an effective field from the Rashba effect. The extrapolation of the measured spin splitting to zero magnetic field probes the predicted 1 splitting of the spin-up (ϩ) and spin-down (Ϫ) subband energy dispersion
where E i ͑k͒ is the subband dispersion in the absence of Rashba splitting, ␣ is the Rashba spin-splitting parameter, and k is the magnitude of the wavevector in the 2D layer. The zero-field spin splitting is then given by ⌬s͑0͒ =2␣k F , where k F is Fermi wave vector. In addition to the zero-field spin splitting discussed above, Bychkov and Rashba 1 also predicted a shift in the energy levels at B Ͼ 0 in asymmetric quantum wells. From this Landau-level dependent shift, the magnitude of the asymmetry induced component of the spin splitting is easily shown for B ӷ B min to be 26, 34 
Here m* is the effective mass and m 0 the free electron mass. All our spin resonance observations occur at fields well in excess of B min given by
where e is the electron charge. With ␣ values found below and using the band-edge values of m* and g*, we find B min ϳ 0.01 T. Thus we expect the B-independent expression (2) to be valid if we neglect nonparabolicity.
We determine experimental ␦ values from Figs. 2(a) and 2(c) by taking the difference between the measured ⌬s͑B͒ in a given sample and the ⌬s͑B͒ value predicted for a symmetric sample at the same B and n. These differences are plotted for the asymmetric and the symmetric samples in Fig. 3 against ͑n +1/2͒. The symmetric samples have ␦ values clustered about zero showing again how well they are fit by the Pidgeon-Brown model.
In contrast, ␦ for the asymmetric wells increases with increasing n. Since ␣ for the asymmetric samples is expected to depend on several factors including electron density and well width, it is not surprising that all the data do not lie on a single line. We fit two lines through these data since the points for the 20 nm wells appear to be systematically higher than the points for 30 nm wells. We do not detect any systematic density dependence, but more data points are required to unambiguously determine whether such a dependence exists. The error bars account for several sources of error, including the ESR line width and a very weak dependence of ⌬s͑B͒ on tilt angle. 27 We calculate the effect of nonparabolicity by examining the multipler of ␣ 2 ͑n +1/2͒ in Eq. (2). Although the calculated values of g* and m* depend on the Fermi level, the multiplier is not so sensitive, for a given well width. For example, g * = −28.4, m * = 0.0190m o , and the multiplier is 0.059m 0 / ប 2 for the 30 nm well with the highest Fermi level. The 30 nm well with the lowest Fermi level has g * = −40.6, m * = 0.0176m o , and the multiplier is 0.052m 0 / ប 2 . For the 20 nm wells, the multiplier ranges from 0.061m 0 / ប 2 to 0.071m 0 / ប 2 for our sample parameters. This suggests that nonparabolicity introduces only a small deviation from linearity with ͑n +1/2͒ in the parabolic Eq. (2). 35 Therefore, we use Eq. (2) to estimate values for ␣ from the experimentally determined linear slopes shown in Fig. 3 . With a multiplier value 0.066m 0 / ប 2 for 20 nm wells ( 0.056m 0 / ប 2 for 30 nm wells), we deduce an ␣ value of 1.4ϫ 10 −9 eV cm for 20 nm wells (1.3ϫ 10 −9 eV cm for 30 nm wells). At first glance, it seems surprising that we can use the tilted B field to extract the Rashba splitting. Bychkov et al. predicted that the effect of spin-orbit interaction is reduced in a tilted magnetic field. 36 The work of Pfeffer and Zawadzki, 37 in contrast, predicts that the component of B in the plane of the sample is ineffective in quenching the Rashba splitting compared to the field component perpendicular to the sample plane. Furthermore, the Rashba splitting [Eq. (2)] depends on the field only indirectly through the observed n. From our experimental data, we cannot infer whether or not the Rashba effect depends strongly on tilt angle. In order to extract a quantitative measure of the Rashba parameter, we assume that the Rashba effect is unaffected by a parallel magnetic field, as the calculations of Ref. 37 predict. Under the assumption of identical electrical forces causing the 2D spin-orbit coupling, the predicted 38 Many previous studies have cited beating in SdH oscillations as evidence for Rashba splitting. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In our asymmetric (and symmetric) samples, no beating is observed in the SdH oscillations. 26 The combination of a relatively low mobility and a large g factor (spin splitting is resolved above 1.2 T) restricts the range for observing beating to 0.5 T Ͻ B Ͻ 1.2 T. The low electron densities result in only ϳ5 oscillations within this range. Thus, if beating were present it would be difficult to detect. Figure 4 shows the absence of beating in our most asymmetric structure. A strength of the ESR technique that we employ is its ability to detect spin-split levels even in systems with a low electron density and a relatively low mobility.
Our experimental observations were recently compared by Pfeffer and Zawadzki with the results of their three-level P · p model of InSb/ Al 0.09 In 0.91 Sb quantum-well structures. 34 They calculated spin splitting due to both Zeeman and Rashba effects, assuming spin-dependent boundary conditions at the interfaces. The agreement between their calculation and our experimental data provides confirmation of the Bychkov-Rashba picture of spin-orbit coupling in our heterostructures.
In conclusion, we have demonstrated that ESR is a useful technique for studying spin splitting in InSb quantum wells. In asymmetric structures at low magnetic fields, we observed spin splitting that was significantly larger than predicted for the Zeeman effect. The additional splitting can be attributed to a strong Rashba effect.
